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Chitinase expression in the insect gut normally occurs only during moulting, where the chitin of the peritrophic

membrane is presumably degraded. Thus, insects feeding on plants that constitutively express an insect chitinase

gene might be adversely affected, owing to an inappropriately timed exposure to chitinase. This hypothesis was

tested by introducing a cDNA encoding a tobacco hornworm (Manduca sexta) chitinase (EC 3.2.1.14) into tobacco

via Agrobacterium tumefaciens-mediated transformation. A truncated but enzymatically active chitinase was present

in plants expressing the gene. Segregating progeny of high-expressing plants were compared for their ability to

support growth of tobacco budworm (Heliothis virescens) larvae and for feeding damage. Both parameters were

significantly reduced when budworms fed on transgenic tobacco plants expressing high levels of the chitinase gene.

In contrast, hornworm larvae showed no significant growth reduction when fed on the chitinase-expressing

transgenics. However, both budworm and hornworm larvae, when fed on chitinase-expressing transgenic plants

coated with sublethal concentrations of a Bacillus thuringiensis toxin, were significantly stunted relative to larvae

fed on toxin-treated non-transgenic controls. Foliar damage was also reduced. Plants expressing an insect chitinase

gene may have agronomic potential for insect control.

Keywords: Bacillus thuringiensis toxin; Heliothis virescens; Manduca sexta; Nicotiana tabacum; tobacco budworm;

tobacco hornworm; chitinase

Introduction

The ability to introduce foreign genes into plants has
allowed the development of a variety of strategies for
improving resistance to insect predation and diseases of crop
plants. One such strategy has been to deploy a gene that was
cloned from a pathogen or pest for biocontrol. Expression of
this gene in the plant at the appropriate time and level then
disrupts the development of the same or a related pathogen
or pest. Examples include the expression of viral coat
protein genes that confer resistance to viral infection (Abel
et al., 1986) and the use of insect protease inhibitor genes for

insect control (Thomas et al., 1995a,b). We describe here the
use of an insect chitinase (EC 3.2.1.14) gene to enhance
insect resistance in transgenic tobacco.

Chitin is a linear homopolymer of â(1! 4) linked 2-
deoxy-2-acetamido-D-glucopyranosyl residues and is a
major component of the exoskeleton and alimentary canal
of insects (Kramer et al., 1985; Peters, 1992). Together
with proteinases in the moulting fluid, endo-splitting
chitinases and exo-splitting â-N-acetylglucosaminidases
break down the unsclerotized layers of the old cuticle
prior to shedding of the sclerotized portion or exuvium.

A cDNA encoding the major moulting fluid chitinase
of Manduca sexta, the tobacco hornworm, was used in
our studies. Transcripts of this gene are only briefly
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detectable in epidermal and gut tissues of fifth instar
larvae between 5 and 7 days after moulting and just prior
to pupal transformation (Kramer et al., 1993). This tight
developmental regulation suggested that this chitinase
could be detrimental to insect growth if presented in the
diet at an inappropriate time. We describe here a novel
strategy to inhibit insect damage and development in
transgenic tobacco by constitutively expressing an insect
chitinase gene whose developmental expression in the
insect gut and elsewhere normally occurs only during the
moulting process. We know of no other examples of
insect control in plants with an introduced chitinase gene
from any source. We also report the interaction of this
plant-expressed Manduca chitinase with B. thuringiensis
toxin in the enhancement of insect control.

Materials and methods

Plasmid construction and plant transformation

Chimaeric gene constructs were prepared by inserting a
1.8 kb Eco RI fragment from a cDNA clone containing the
entire coding region of the Manduca chitinase (Kramer et
al., 1993) into binary vectors between single or double
CaMV 35S promoters and the nos or pinII polyadenyla-
tion signal sequences, respectively (Rogers et al., 1987).
For single CaMV 35S control, the binary pMON410
vector (Rogers et al., 1987) was digested with Sma I in
order to remove the hygromycin phosphotransferase gene,
filled in with the Klenow fragment of DNA polymerase I
and then ligated to generate the altered vector pMO-
N410A. The Manduca chitinase cDNA clone (Kramer et
al., 1993) was then inserted into the Eco RI site of
pMON410A to produce pMON410A:chitinase.

In order to obtain double CaMV 35S control, the
binary pMON505 vector (Rogers et al., 1987) was
digested with Eco RI, filled in with Klenow and ligated
to destroy the Eco RI restriction site and generate
pMON505A. The plasmid pPHI227 was digested with
Eco RI, filled in with Klenow, mixed with Bgl II linker,
and ligated to generate PHI227A. PHI227A was digested
with Bam HI, filled in, and Eco RI linker was added and
ligated to generate PHI227B. PHI227B was digested with
Bgl II to generate a 1.2 kb fragment containing the double
CaMV 35S promoter and poly A termination signal, and
inserted into pMON505A at the Bgl II site to generate
pMON505C. The Manduca chitinase cDNA clone
(Kramer et al., 1993) was then inserted into the Eco RI
site of pMON505C to produce pMON505:Chitinase.

Binary plasmid constructs were mobilized to A.
tumefaciens EHA101 by triparental mating (Masoud et
al., 1993). Genes were introduced into tobacco (Nico-
tiana tabacum var. Xanthi) leaf disks by A. tumefaciens-
mediated transfer, followed by kanamycin selection and
plant regeneration (Masoud et al., 1993).

Protein analyses

For protein immunoblot (western) analysis, leaves or leaf
disks were ground in liquid nitrogen with a mortar and
pestle and extracted with 100 mM sodium phosphate
buffer, pH 6.7, at 25 8C. Following centrifugation in a
microfuge, supernatants were subjected to SDS-polyacry-
lamide gel electrophoresis (Sambrook et al., 1989).
Immunoblot analysis utilized chitinase polyclonal antibody
raised against chitinase purified from M. sexta moulting
fluid (Koga et al., 1983) and an alkaline phosphatase-
based staining kit (Life Technologies, Gaithersburg, MD,
USA). Proteins for ELISA were extracted from T1 leaves
by grinding in 100 mM sodium phosphate buffer, pH 6.7,
at 25 8C. Total protein from each sample was quantified
by using a protein assay kit (Sigma Chemical Co.,
St Louis, MO, USA) according to the manufacturer's
instructions and adjusted to equal concentrations. Total
protein (200 ìg) was added to 200 ìl of coating buffer in
individual wells of a microtitre plate. Procedures followed
those of Ausubel et al. (1989) but utilized Manduca
chitinase polyclonal antibody diluted 1:5000 with blocking
buffer. Absorbance was measured at 405 nm.

Bioassays for insect toxicity

T0 or T1 shoots, plants or excised leaves were compared to
controls, either seed-initiated, non-transformed plants or
non-expressing T1 segregants, for budworm resistance.
Neonate larvae were used in all experiments. Larvae were
transferred with a camel's hair brush to excised leaves or
to young terminal leaves of excised shoots or plants.
Excised leaves were maintained in moist Petri plates.
Larvae were restrained on shoots or plants with plastic
bags in which holes had been made to reduce humidity.
Plants were maintained under conditions described for
each experiment. Total larval biomass and number of
surviving larvae were determined for each experiment. As
noted by Boulter et al. (1990), considerable variation in
the growth and survival of larvae in budworm bioassays
was observed. Many of our neonates died even when
reared on control plants, and a few larvae reared on the
chitinase-positive plants attained a size equal to those on
chitinase-negative plants. However, significant differences
in growth of the larval populations fed chitinase-positive
and -negative plants were observed in all of these
experiments.

Hornworm bioassays were performed by applying five
neonate hornworm larvae per shoot. Shoots were covered
with screen cages for ten days. Environmental conditions
were as described for the budworm.

Bacillus thuringiensis (Bt) toxin treatment

Young shoots of similar size of both transgenic and
control tobacco plants with 7±8 layers of leaves (16±20
leaves) were soaked in Bt toxin solution for 5 min,
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removed from the solution and air-dried. The toxin
(Attack Pesticides, Division of Ringer Corporation,
Minneapolis, MN, USA) is a commercial pesticide derived
from B. t. Berliner var. kurstaki. Actual Bt toxin con-
centrations, based on toxin solution consumed, were 180
and 360 ng per g fresh wt of plant tissue, for 1 and
2 ìg=ml solutions. Intermediate concentrations were
determined by extrapolation. The excised shoots were
placed in flasks containing dilute Murashige and Skoog
salts in water.

Statistical methods

Variance analyses of insect biomass and insect survival
were conducted with the general linear module (GLM)
procedure or the associated LSD (SAS Institute, 1991).

Results

Chimaeric gene constructs were prepared by inserting a
1.8 kb Eco RI fragment from a cDNA clone containing the
entire coding region of the Manduca chitinase (Kramer et
al., 1993) into binary vectors between single or double
CaMV 35S promoters and either the nos or pinII
polyadenylation signal sequences. The gene was intro-
duced into tobacco plants (Nicotiana tabacum var. Xanthi)
by A. tumefaciens-mediated transfer (Masoud et al.,
1993). Fourteen of 44 primary transformants (T0 plants)
with the single 35S promoter were shown by immunoblot
analysis to express the insect chitinase (data not shown).

Two T0 plants, 4C16 and 4C49, transformed with the
pMON410A construct and driven by the single 35S
promoter, were selected. These two expressed the highest
levels of chitinase based on immunoblot staining
intensity. The plants were self-fertilized, and leaves from
the progeny (T1 plants) were analysed for the presence
of the Manduca chitinase by both immunoblot analysis
(Fig. 1) and activity assay using glycolchitin-containing
overlay gels (Koga et al., 1992) (Fig. 2). The molecular
mass of 46.1 kDa for the enzymatically active protein
from transgenic tobacco previously was determined by
mass spectrometry (Wang et al., 1996). This size was
lower than the expected molecular mass of 60 kDa (after
removal of a 2 kDa leader peptide) predicted from the
cDNA sequence (Kramer et al., 1993). N-terminal
sequencing revealed that the truncated tobacco protein
and the mature moulting fluid enzyme have the same N-
terminal amino acid sequence, indicating that the former
protein, although enzymatically active (Fig. 2), is
truncated from the C-terminal end (Wang et al., 1996).
No residual peptide of approximately 14 kDa was
observed. It may lack or differ in glycosylation and thus
be unrecognized by our antibody, it may never occur, or
it may be too rapidly degraded to detect.

Progeny from plants 4C16 and 4C49 each segregated
3:1 for expression of the Manduca chitinase with ratios

of 82:28 (÷2 � 0.012, p � 0.9128) and 56:17 (÷2 �
0.014, p � 0.9058), respectively, as expected for a
dominant gene at a single heterozygous locus. Eight
plants expressing the Manduca chitinase gene (chitinase-
positive) and eight plants not expressing the gene
(chitinase-negative) were selected on the basis of western
blot activity from the segregating 4C49 T1 population.
Leaves were excised and fed to H. virescens (tobacco
budworm) first instar larvae in moist Petri dishes. Nine
and ten of the original 32 larvae that were used in this
preliminary experiment survived the three-week period on
leaves from chitinase-positive and chitinase-negative
plants, respectively. The total mass of larvae surviving
on chitinase-positive leaves was 177 mg (mean 19.7 mg
per larva), whereas that on chitinase-negative leaves was
966 mg (mean 96.6 mg per larva).

Feeding bioassays on excised shoots or intact plants
were also performed. Bioassays 1 and 2 each involved
excised shoots from four chitinase-positive and three
chitinase-negative T1 progeny. Bioassay 1 plants were
from 4C16 (Fig. 3, experiment 1) and bioassay 2 plants
were from 4C49 (Fig. 3, experiment 2) T0 plants. Only
the highest-expressing plants, based on western blot
intensity, were selected. Lines 4C16 and 4C49 resulted
from different transformation events and presumably
carry unique insertions. Shoots were inoculated with 50
neonate H. virescens larvae and covered with ventilated
plastic bags. After 10 days, all surviving insects from
each plant were counted and weighed. Larval biomass

Fig. 1. Western blot showing expression of the Manduca chitinase

transgene in progeny of transgenic tobacco. Buffer-soluble proteins

were extracted from leaves of T1 plants resulting from self-

fertilization of transgenic plant 4C16. Aliquots containing 200 ìg

of protein were subjected to 10% SDS-polyacrylamide gel

electrophoresis followed by immunoblot analysis (Sambrook et

al., 1989) using a polyclonal antibody raised against the insect

chitinase (Koga et al., 1983). Lanes 1, 2, 3 and 4 contain extracts

from representative progeny not expressing the chitinase transgene

in 4C16. Lanes 5, 6, 7 and 8 are from different Manduca

chitinase-positive progeny. Molecular weight markers are shown in

kDa.
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(experiment 1, F � 11.5, df � 1, 5 and p � 0.0209;
experiment 2, F � 12.43, df � 1, 5 and p � 0.0168) and
the number of surviving larvae (experiment 1, F � 11.21,
df � 1, 5 and p � 0.0204; experiment 2, F � 8.36, df �
1, 5 and p � 0.0341) were significantly reduced on
plants expressing Manduca chitinase (Fig. 3, A and B,
experiments 1 and 2). The reduced feeding damage on
chitinase-positive plants compared to chitinase-negative
plants was visually apparent (Fig. 4A). Surviving larvae
from chitinase-positive plants were stunted in comparison
to those on chitinase-negative plants (Fig. 4B).

In experiments 3 and 4 (Fig. 3), two other T1

genotypes (D29 and D102) from different transformation
events were used. Both genotypes were derived by
transformation with the pMON505:chitinase construct
that has a double 35S promoter. Expressing progeny of
D29 and D102 averaged 213 ng and 265 ng of Manduca
chitinase per mg total protein (0.02±0.03% of total
protein), respectively, in leaf disks taken from the leaves
being fed, when quantified by ELISA. In experiment 3,
budworms feeding on the excised shoots from eight
chitinase-positive D29 progeny and six wild-type N.

tabacum cv. Xanthi plants were compared. Again, the
mass (F � 8.25, df � 1, 29, p � 0.0076) and number
(F � 9.92, df � 1, 29, p � 0.0038) of surviving larvae
from the chitinase-positive plants were significantly lower
than those from control plants (Fig. 3A and B,
experiment 3). Visually assessed feeding damage was
also significantly reduced in the chitinase-expressing
transgenics. When plants were assigned a visual rating
between 1 and 5, with 1 representing little or no damage
and 5 the most extensive damage observed, 21 of the 22
chitinase-expressing plants received ratings of 2 or less,
while four out of nine non-expressing plants had ratings
of 4 or 5. The distribution of damaged plants was
significantly different (÷2 � 11.5, p � 0.022) between
positive and negative progeny. In a greenhouse bioassay,
the insects were allowed to feed on intact plants. Again,
larval biomass (F � 4.87, df � 1, 12 and p � 0.0476) was
reduced on chitinase-positive plants when compared with
the chitinase-negative plants (Fig. 3A Experiment 4),
although insect number (F � 4.6, df � 1, 12 and
p � 0.0531) was not (Fig. 3B, experiment 4). Larvae on
plants lacking the Manduca chitinase consumed much
more leaf tissue than did larvae feeding on plants with it.

In contrast to studies with the tobacco budworm,
studies with the tobacco hornworm revealed no consistent

Fig. 2. Chitinase activity gel. Proteins from 4C16 progeny were

extracted from leaves by grinding in 100 mM sodium phosphate

buffer. An aliquot containing 40 ìg protein was first subjected to

10% polyacrylamide gel electrophoresis at 4 8C under nondenatur-

ing conditions. The gel was then overlaid with a 10% poly-

acrylamide gel containing 0.01% ethylene glycol chitin as a

substrate, incubated at room temperature for 4 h, stained with a

fluorescent brightener, and photographed (Koga et al., 1992).

Lanes 1, 2 and 3 contain extracts from T1 plants not expressing the

Manduca chitinase as determined by western blot analysis. Lanes 4

and 5 contain extracts from T1 plants expressing low levels of the

insect chitinase, whereas extracts in lanes 6, 7 and 8 are from

plants expressing high levels of the enzyme. Arrowhead indicates

activity from chitinase transgene expression.

Fig. 3. Mean Heliothis virescens larval biomass (A) and mean

number of living larvae (B) per T1 plant expressing or not

expressing the Manduca chitinase transgene. Determinations were

made after larvae were allowed to feed for 7±11 days on shoots

from T1 progeny of 4C16 (experiment 1), 4C49 (experiment 2),

D29 (experiment 3), and intact plants from D102 (experiment 4).

Excised secondary shoots were placed in flasks containing 10%

Murashige and Skoog salts in water. Individual shoots were

infested with 20±50 neonate larvae, covered with a ventilated

plastic bag, and placed in a growth chamber with a 16 h light and

an 8 h dark photoperiod at 28 8C. The individual intact plants were

infested with 20 neonate larvae, covered with a ventilated plastic

bag, and placed in a greenhouse at 28 8C (experiment 4). F test

analyses showed that mean biomass of surviving insects per plant

for experiments 1±4 and number of surviving insects for

experiments 1±3 were significantly different between chitinase-

expressing and non-expressing plants ( p , 0.05). Hatched bars

represent values for insects feeding on plants without the Manduca

chitinase transgene; solid bars are values for insects feeding on

plants with the transgene. Values are means � SE for each

experiment.
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differences in larval growth ( p � 0.9071) or foliar
damage on T1 transgenic plants as compared to
chitinase-negative controls. Fig. 5A shows representative
results when the mean hornworm biomass of insects fed
on transgenic and non-transgenic plants was compared.
The possibility that some marginal detrimental effect on
Manduca was occurring but not at levels significantly
influencing growth rate was tested by measuring changes
in growth of insects also receiving sublethal doses of Bt
toxin. Others (Morris et al., 1976; Smirnoff, 1971, 1974;
Sneh et al., 1983; Regev et al., 1996) have reported a
potentiating interaction of chitinases and Bt toxin on
insects. A narrow range of Bt toxin concentrations (234
to 252 ng=g fresh weight) was chosen for studying
synergism (Fig. 5). Preliminary experiments had shown
that below this level, the Bt toxin caused no growth
inhibition interaction with chitinase-expressing plants,
while significantly higher levels caused excessive inhibi-
tion of larval growth even on chitinase-negative plants.
No significant interaction was detected between the
presence of the chitinase transgene and the Bt toxin
( p � 0.1186), although results with the highest concen-
tration suggested that we were close (Fig. 5, B±D). When
chitinase-expressing plants received a foliar coating of
288 ng of Bt toxin per gram fresh weight, both foliar
damage and larval biomass production were significantly
reduced in plants expressing the transgene (Fig. 6).

Fig. 4. Resistance to feeding damage by insects fed on T1 tobacco

plants obtained from selfed primary transformant 4C16 and effects

on larval growth. Photographs are of representative plants and

insects in experiment 1 (Fig. 3). (A) Feeding damage due to larvae

of Heliothis virescens on T1 plants expressing (left) or not

expressing (right) the Manduca chitinase. (B) Representative

surviving H. virescens larvae from the above shoots expressing

(left) or not expressing (right) the Manduca chitinase transgene.

Larvae were immobilized by refrigeration prior to photography.
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Fig. 5. Mean Manduca sexta larval biomass per T1 plant shoot

expressing or not expressing the Manduca chitinase transgene, as

influenced by foliar treatment with Bacillus thuringiensis toxin.

The D56 T0 plant selfed to obtain the selected T1 progeny analysed

contained three or more independent insertions of the transgene

Weights were taken 10 days after infestation with neonate larvae.

(A) Mean insect biomass from plants without a toxin coating

(water dipped). (B) Mean biomass from plants coated with 216 ng

toxin per g fresh weight. (C) Mean biomass from plants coated

with 234 ng toxin per g fresh weight. (D) Mean biomass from

plants coated with 252 ng toxin per g fresh weight. Bars are

means � SE for each treatment.

Fig. 6. Influence of the Manduca chitinase transgene in T1 tobacco

plants receiving a foliar application of 288 ng of Bacillus

thuringiensis toxin per g fresh weight on feeding and growth of

the tobacco hornworm, M. sexta. The toxin concentration was

sublethal to the larvae. (A) Feeding damage ten days after

infestation with neonate hornworm larvae on plants expressing

(left) or not expressing (right) the chitinase gene. (B) Hornworms

from plants expressing (left) or not expressing (right) the Manduca

chitinase.
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A similar Bt toxin-chitinase transgene interaction was
observed with T1 segregants with the tobacco budworm.
Chitinase-expressing plants coated with 360 ng of toxin
per gram fresh weight exhibited a 56% reduction in their
mean foliar damage index relative to non-transgenic
controls, and the biomass of surviving larvae was reduced
by 89%.

Discussion

Enhanced resistance to fungal pathogens has been
obtained following the introduction of a chitinase
transgene (Broglie et al., 1991; Vierheilig et al., 1993;
Zhu et al., 1994; Jach et al., 1995; Lin et al., 1995). Hen
egg white lysozyme, an enzyme with chitinolytic activity,
was isolated from transgenic tobacco expressing it and
shown to inhibit the growth of some bacterial and fungal
plant pathogens (Trudel et al., 1995). However, the
enhancement of insect resistance in plants by these
strategies has not been reported. Our results illustrate that
an insect chitinase transgene can enhance resistance to
budworm neonates feeding on tobacco and can potentiate
the effect of sublethal doses of Bt toxin on both the
budworm and the hornworm. If the expression level of the
insect chitinase is properly managed, it appears that the
enzyme could be utilized to promote increased protection
of transgenic plants toward insect and microbial pests
(Kramer et al., 1996).

The mechanism(s) of the Manduca chitinase-mediated
resistance is unknown. This chitinase may be directly
toxic to larvae, enhance sensitivity to existing microbes
or dietary components, or elevate or induce other
defensive mechanisms in the plant, which are, in turn,
toxic to the larvae. The truncated chitinase is toxic to the
merchant grain beetle, Oryzaephilus mercator, in an
artificial diet (Wang et al., 1996). A baculovirus
engineered to express the Manduca chitinase accelerated
the mortality of the fall armyworm (Spodoptera frugi-
perda) compared to the wild-type virus (Gopalakrishnan
et al., 1995). Microbial chitinases can also kill or retard
growth of certain insects when combined with a
baculovirus (Shapiro et al., 1987), B. thuringiensis
(Smirnoff, 1971, 1974; Morris, 1976; Wiwat, 1996), or
Bt spore crystals (Sneh et al., 1983). A synergistic toxic
effect also results when both a low concentration of a
truncated, recombinant CryIC protein and a bacterial
chitinase are incorporated into a synthetic insect diet
(Regev et al., 1996).

A potential site of action of chitinase is the peritrophic
membrane, which is a thin, membranous sac that encloses
the food in the midgut and hindgut of most insects. The
chitin-containing membrane originates from the anterior
portion of the midgut in H. virescens (Ryerse et al.,
1992), and may function in anchoring or compartmenta-
lization of digestive enzymes in the gut, protecting the

midgut epithelium from abrasion by hard food particles,
prevention of pathogen invasion, and ultrafiltration
(Ryerse et al., 1992). The chitinase gene is not expressed
by insects during feeding periods (Kramer et al., 1993),
and the protein is detected only during a narrow period
just prior to moulting (Zen et al., 1996). If the insect is
continually exposed to chitinase, chitin-containing struc-
tures such as the peritrophic membrane might malfunc-
tion due to chitin degradation and loss of structural
integrity. Chitinases purified from some bacteria can
disrupt the peritrophic membrane of the insect gut
(Peters, 1992; Regev et al., 1996). Penetration of the
mosquito peritrophic membrane by the malarial parasite
apparently involves chitinase (Huber et al., 1991), and
access of the microfilarial parasite, Brugia malayi, to the
gut cells of the mosquito host may require elaboration of
a chitinase (Fuhrman et al., 1992). A compromised
peritrophic membrane barrier may also facilitate the Bt
toxin synergism with chitinases by enhancing contact of
toxin molecules with their epithelial membrane receptors
(Regev et al., 1996).

Why hornworm larvae were not significantly affected
by feeding on transgenic plants expressing the Manduca
chitinase is unclear. Possibly, the concentration was too
low, given that the specific activity of the truncated form
is about one-fourth that of the full length enzyme (Wang
et al., 1996), to negate inactivating mechanisms likely
present in this homologous system.

Relatively few genes have proven to be sources of
resistance to insects. Modified forms of the ä-endotoxin
gene from B. thuringiensis confer resistance to certain
insects when expressed in plants, and commercial
releases of plants expressing Bt toxins have occurred
(Koziel et al., 1993; Kaiser, 1996). However, some
insects acquire resistance to the Bt toxin after continuous
exposure to it (Regev et al., 1996; McGaughey and
Whalon, 1992). Proteinase inhibitors have also been
suggested as alternate insecticidal proteins. However,
their insect specificity is narrow and protection against
insect predation mediated by these inhibitors in trans-
genic plants has often been unsatisfactory (Gatehouse et
al., 1993).

The Manduca or other insect chitinase transgenes,
alone or in combination with other genes for insecticidal
proteins, should receive further consideration for insect
control. Because the Manduca chitinase enhances the
effectiveness of the Bt toxin, it may have utility as a
companion gene in potentiating the effectiveness or
increasing the spectrum of the Bt gene for insect control
with transgenics. A cultivar expressing a chitinase
transgene might even be used to potentiate the action
of a foliar Bt application, if concerns are warranted
regarding the effects of full-season exposure to transgene-
encoded Bt toxin on the development of insect resistance.
Further exploration of the potential of the Manduca or

82 Ding et al.



other chitinases in the enhancement of insect control on
plants is warranted.
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